that TCTP is involved in many biological processes and it is essential for early embryo development and proliferation of embryonic stem cells. However, whether TCTP plays a role during embryo implantation remains unclear. This paper examines the expression and the role of TCTP in the uterus of mice during early pregnancy.
Introduction
Translationally controlled tumor protein (TCTP) is a highly conserved protein abundantly expressed in all eukaryotic organisms (Bommer and Thiele, 2004 ). The extremely high degree of sequence conservation of TCTP during evolution suggests that it plays an essential role in the development or the normal functioning of various organisms (Thaw et al., 2001) . Numerous cellular functions and molecular interactions have been ascribed to this protein, mainly related to its anti-apoptotic and growth-promoting properties (Johansson et al., 2010a; Sirois et al., 2011) . The interaction between TCTP and p53 prevents apoptosis by destabilizing p53 in lung carcinoma cells (Rho et al., 2011) . As a tumor progression factor, TCTP could induce tumorigenesis through distinct multicellular signaling pathways involving Src-dependent epidermal growth factor receptor transactivation, reactive oxygen species generation and matrix metalloproteinase expression in human breast epithelial cells (Jung et al., 2011) . Knocking down the TCTP expression in tumor cells inhibits their growth, motility and invasive functions (Tuynder et al., 2004) . Since embryo implantation requires similar cellular processes, we speculated that TCTP might be involved in embryo implantation.
Recently, TCTP has been identified to be a novel small-weight heatshock protein (HSP) that can protect cellular proteins from heat-shock damage by acting as a molecular chaperone (Gnanasekar et al., 2009a) . HSPs have been reported to be absolutely necessary in reproduction. They are expressed during the processes of oogenesis and spermatogenesis. In the early stages of the pregnancy, HSPs are expressed both in the embryo and in the maternal decidua. Maximum levels of HSPs in endometrium were observed after ovulation and in the early secretory phase, which is the critical period of 'endometrial receptivity' for implantation embryo (Neuer et al., 2000) . Therefore, TCTP may have a marked effect on the process of embryo implantation by substituting the function of HSPs. TCTP was also reported to play a direct role in human placenta calcium transport and regulated calcium handling in trophoblast cells (Arcuri et al., 2005) . All these findings suggest that TCTP is essential for early embryo implantation. However, the expression and the role of TCTP in the uterus during early pregnancy remain unclear.
In an earlier study, we investigated the differential gene expression profile in the endometrium of mice on Days 2 (D2) (preimplantation) and 4 (D4) of pregnancy (window of implantation) by 17-bp long serial analysis of gene expression (LongSAGE). The result indicated that 101 tags were significantly up-regulated and 55 down-regulated in the D4 library compared with that in the D2 library. These tags were associated with biological processes involved in cell death, molecular transport and cancer, cell-to-cell signaling and interaction. Among these tags, the TCTP expression in the uterus of mice was up-regulated by 14.16-fold on D4 of pregnancy compared with D2 (unpublished data). This result suggested that TCTP might be involved in embryo implantation. Similarities in the mechanisms of embryo implantation between mice and humans suggest that a mouse model might provide some clues for embryo implantation in humans (Lee and DeMayo, 2004) . Accordingly, in the present study, we investigate the expression pattern of TCTP in the endometrium of pregnant and pseudo-pregnant mice. A functional study of TCTP in embryo implantation of mice was also performed.
Materials and Methods

Animals
National institutes of health mice were obtained from the Animal Facility of Chong Qing Medical University [Chongqing, China (Certificate: SICXK(YU) 2007 -0001)]. All animal procedures were approved by the Ethical Committee, State Key Laboratory of Reproductive Biology, Institute of Zoology, Chinese Academy of Sciences. The 8 -10-week old mice (25-30 g) were caged in specific pathogen-free rooms with an environment of 14 h light and 10 h dark cycle. The estrus females were mated with fertile males or vasectomized males of the same strain to induce pregnancy (where Day (D) 1 ¼ day of the positive vaginal plug) or pseudo-pregnancy (where PD1 ¼ day of positive vaginal plug). On D4 -D5, the pregnant mice were discriminated by flushing embryos from uterus. The animals were divided into 10 groups as follows: pregnant mice were randomly divided into 7 groups (D1, D2, D3, D4, D5, D6 and D7) and pseudo-pregnant mice were randomly divided into 2 groups (PD4 and PD6), with 20 mice in each group. In addition, another 20 pregnant mice at D3 were used for the TCTP functional experiment. The mice in each group were killed at 8:00 a.m. -9:00 a.m. after Trypan blue was injected into the tail veins. For each group, 10 mouse uteri were collected and stored in liquid nitrogen for real-time PCR and western blot, and another 10 were fixed in 4% paraformaldehyde for immunohistochemistry.
Quantitative real-time PCR of TCTP mRNA in mice endometria Total RNA was extracted from the mouse endometrial tissues using Trizol reagent (TAKARA Biotechnology Co., Ltd, Dalian, China) according to the manufacturer's instructions and stored at 2808C. Quantification and purity assessment were performed by optical density measurements at 260 and 280 nm. Integrity of the total RNA was examined by agarose gel electrophoresis. The total RNA was then converted to cDNA and the expression of TCTP in the cDNA samples was determined by SYBR Primescript TM RT-PCR kit purchased from TAKARA Biotechnology Co.
Ltd. b-Actin was used as the endogenous standard for each sample. Specific primer sequences were designed as follows (Shanghai Gene Core BioTechnologies Co., Ltd): TCTP sense: 5 ′ -GAAATCACTCAAAG GCAAAC-3 ′ and antisense: 5
′ . The quantitative real-time (qRT) -PCR conditions were set up as follows: initial denaturation at 958C for 10 s, 40 cycles of 15 s at 958C (denaturation) and 45 s at 528C (annealing and extension). Experiments were performed in duplicate for each sample using the ABI Prismw 7000 HT. For relative quantification, the △△Ct method was employed (Livak and Schmittgen, 2001 ) and the relative expression rate was obtained by normalizing the amount of the TCTP cDNA with that of b-actin.
Immunohistochemistry
Mouse uteri were excised and fixed immediately in 4% paraformaldehyde and embedded in paraffin. Sections (6 mm) were cut, deparaffinized and rehydrated. Antigen retrieval was performed by incubating the sections in 0.01 M citrate buffer (pH 6.0) at 958C for 15 min followed by cooling naturally to room temperature for 20 min. Non-specific binding was blocked with 10% (v/v) normal goat serum in PBS for 1 h. The sections were incubated with the primary antibody against TCTP (rabbit monoclonal antibody, Abcam Biotechnology, England, 1:2000) for 3 h at 378C, then the sections were washed three times with PBS (3 min each) and incubated with biotin-labeled secondary antibody (goat antirabbit IgG, Zhongshan Biosciences, Inc., Beijing, China, 1:500) for 30 min at 378C, followed by the chromogenic reaction with DAB for 3 -5 min, which was terminated by rinsing with water. As a negative control, the TCTP primary antibody was replaced with normal rabbit IgG. The sections were counterstained with hematoxylin and mounted. The TCTP protein localization was analyzed and quantified using Medical Image Analysis Software (Beihang University, China) and Yellowish-brown stain was determined as positive.
Western blot
Proteins were extracted from the mouse endometrium using cell lysis buffer for western blot, and protein concentration was measured using a bicinchoninic acid protein assay kit according to the manufacturer's protocol (Sigma Chemical Co., St. Louis, MO, USA). The samples were boiled in a 5× SDS loading buffer for 10 min and separated by SDS-polyacrylamide gel electrophoresis (PAGE). The separated proteins were transferred electrophoretically onto a pure nitrocellulose blotting membrane. The membrane was incubated at room temperature for 1 h in blocking phosphate buffer saline containing 0.5% Tween-20 (PBST) and 5% defatted milk.
TCTP has significant role in embryo implantation Subsequently, the membrane was incubated with the anti-TCTP antibodies (rabbit monoclonal antibody, Abcam Biotechnology, England, 1:500) at 48C overnight, and then washed for three times with PBST, 5 min each time. After washing, the membrane was incubated with horseradish peroxidase-conjugated secondary antibodies (Biosyntheses Biotechnology, 1:500) for 1 h at room temperature, and then washed three times with PBST, 5 min each time. The reaction product was detected by the chemiluminescent reagent BeyoECL Plus (Beyotime Institute of Biotechnology) according to the manufacturer's protocol. The quantity of the TCTP protein was represented by the band intensity and determined by Quantity One Software (Bio-Rad, Hercules, CA).
Design of oligodeoxynucleotide-specific sequence for TCTP
The sequences of oligodeoxynucleotides (ODNs) were: sense ODNs (S-ODNs): 5 ′ -CGTGTCATCAGTGGCCACAACTG-3 ′ , and antisense ODNs (A-ODNs): 5 ′ -GTCAACACCGGTGACTACTGTGC-3 ′ . All the sequences were thiophosphate-modified for extending their half-lives in cells (SBS Genetech Co., Ltd).
TCTP function study during embryo implantation
For the TCTP function study, 20 mice were given an intrauterine injection with the TCTP S-ODNs or A-ODNs in the afternoon on Day 3 of pregnancy before implantation. One uterine horn of these mice was injected with 10 mg of A-ODNs, and contralateral horn was injected with S-ODNs or double-distilled water (DD water), then the animals were returned to their cages. At 24 h later, 10 operated mice were killed, and the uteri were fixed in 4% paraformaldehyde for immunohistochemical analysis or stored at 2808C for real-time PCR and western blotting analysis. Another 10 mice were killed on D8 of pregnancy and the number of implanted embryos was recorded.
Statistical analysis
Statistical analysis was performed using Statistical Package for Social Science (SPSS for Windows package release 10.0, SPSS, Inc., Chicago, IL, USA). Statistical significance was determined by one-way ANOVA. Post hoc comparisons between the means of the treatment group were made using Fisher's protected least significance difference test. Values were means + SD Differences were considered significant if P , 0.05.
Results
TCTP mRNA levels in uterus of mice during early pregnancy
To determine a possible role of TCTP in the uterus, the TCTP mRNA level in the endometrium of mice was examined by real-time PCR. As shown in Fig. 1A , the relative amount of the TCTP mRNA levels was upgraded from D3 to D5 of pregnancy and reached a maximum level on D5. The increase in the mRNA level on D5 was highly significant (P ¼ 0.002 compared with D1). However, the TCTP mRNA levels dramatically decreased on D6 and D7. The results indicated that a transient increase in the TCTP mRNA expression occurred during the implantation window period, which is regarded as D4 and 5 of pregnancy.
TCTP expression in uterus of mice during early pregnancy
Immunohistochemistry was performed to locate the expression of the TCTP protein in the uterus of mice and the results are shown in Fig. 1B . The TCTP protein was mainly localized in the luminal and the glandular epithelium on D1 and D2 of pregnancy (Fig. 1B) . From D3 to D5 of pregnancy, intense staining was seen in the luminal, glandular epithelium and stromal cells, reaching a peak level on D5 (Fig. 1B) . The expression of the TCTP protein sharply decreased on D6 and D7. On D7, the TCTP immunostaining was moderate in the stromal cells at the implantation site, and no signal was detected in the stromal cells at intra-implantation sites (Fig. 1B) . No positive staining was observed in the negative control (Fig. 1B) .
The quantitative change in the TCTP protein expression in the mice endometrium was estimated by western blot, as shown in Fig. 1C . The TCTP protein level was elevated from D3 to D5 of pregnancy, and then decreased on D6 and D7. This result was similar to the TCTP mRNA expression.
Comparison of the TCTP expression in uterus between pregnancy and pseudo-pregnancy
To further confirm that the specific expression of TCTP in the uterus of mice is related to embryo implantation, we performed an experiment to compare the TCTP expression in the uterus on D4 and D6 during pregnancy and pseudo-pregnancy. Real-time PCR results showed that the TCTP mRNA levels in the uterus of pregnant mice were higher than that of pseudo-pregnant mice on D4 and D6 ( Fig. 2A , P ¼ 0.034 for PD4 versus D4). The expression of the TCTP protein in pregnancy and pseudo-pregnancy analyzed by immunohistochemistry and western blot reflected the mRNA levels ( Fig. 2B and C) .
Suppression of TCTP expression in uterus of mice by antisense ODNs
Using A-ODNs as a blocker, we examined the effect of blocking TCTP expression in the uterus of mice during embryo implantation. As shown in Fig. 3A , the TCTP mRNA levels in the uteri injected with TCTP A-ODNs were significantly lower than in the contralateral horn treated with S-ODNs or DD water (P ¼ 0.02). The immunohistochemistry showed a strong staining in the luminal epithelium, glandular epithelium and stromal cells in the uterus injected with DD water and S-ODNs, respectively. In contrast, the signal in the contralateral horn treated with A-ODNs was weak, especially in stromal cells (Fig. 3B) . The TCTP protein expression pattern detected by western blot was similar to the TCTP mRNA levels (Fig. 3C ).
Decreased number of implanted embryos due to antisense ODN treatment
The results of functional tests showed that the number of implanted embryos in the left uterus horns after injecting with TCTP A-ODNs was markedly fewer than those in the contralateral S-ODN-treated or DD water-treated horns ( Fig. 3D and 3E , P ¼ 0.025 versus S-ODNs, P ¼ 0.029 versus DD water). No significant changes in the number of implanted embryos were observed in the S-ODN-treated horns as compared with the water-treated control group (Fig. 3D and E) . expression values from D2 to D7 of uterus of pregnant mouse were expressed relative to D1 values and represented the mean + SD. Levels of b-actin were used as inner control. D1 -D7 means Days 1 -7 of pregnancy, respectively. Bar with asterisks is significantly different from D1 of pregnancy (*P , 0.05). (B) Immunohistochemistry (IHC) of TCTP in the uterus of mouse during early pregnancy: the location of the TCTP protein in endometria during early pregnancy was determined by IHC. Yellowish-brown stain was determined as positive. The TCTP protein was observed mainly in the luminal epithelium and glandular epithelium on D1 and D2 of pregnancy, and reached a maximum level on D5 in the glandular epithelium and luminal epithelium and stromal cells. On D7, staining was only observed in the luminal epithelium and glandular epithelium. CON, negative control; le, luminal epithelium; ge, glandular epithelium; s, stromal; de, decidua; em, embryo. Bar ¼ 50 mm. (C) Western blot analysis of the TCTP protein in the uterus during early pregnancy. The level of TCTP was increased from D3 to D5, reaching a maximum on D5, then decreased from D6 to D7. Levels of b-actin were used as loading control.
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Discussion
A substantial amount of literature exists on the role of TCTP in the growth, adhesion and migration of tumor cells. Embryo implantation also requires similar cellular processes. Little attention has been given to the role of TCTP in embryo implantation. The results of our study showed a time-dependent up-regulated expression of TCTP in the uterine luminal and glandular epithelium and stromal cells during the embryo implantation period. This finding suggests that TCTP might be essential for embryo implantation. To confirm our hypothesis, we designed an experiment with the TCTP A-ODN directly injected into the uterus of pregnant mice at early pregnancy to investigate the function of this protein in the process of implantation. The result showed that the expression of TCTP was suppressed and the total number of implanted embryos in the uterus of mice injected with TCTP A-ODNs was significantly reduced. All these data indicated that TCTP might play a significant role in the process of embryo implantation during early pregnancy. However, Gene expression values were expressed relative to D4 of pregnancy values and represent the average + SD. Levels of b-actin mRNA were used as inner control. TCTP mRNA levels were higher on D4 and D6 of pregnancy than of pseudo-pregnancy, respectively. Bar with asterisks is significantly different from D4 of pregnancy (*P , 0.05). (B) Immunohistochemistry of TCTP in mouse uterus. TCTP protein was observed in luminal epithelium, glandular epithelium and stromal cells on D4 and D6 of pregnancy and pseudo-pregnancy. Compared with D4 of pregnancy, the staining was weaker in the uterus of mouse of D6, PD4 and PD6. D4, D6 means Days 4, 6 of pregnancy; PD4, PD6 means Days 4, 6 of pseudo-pregnancy; CON, negative control. Bar ¼ 50 mm. (C) Western blot analysis of the TCTP protein in the uterus of mouse. The level of the TCTP protein on D4 and D6 of pregnancy was higher than the pseudo-pregnancy counterpart, but the expression between D6 and PD6 was not significant. Levels of b-actin were used as loading control. D4, D6 means Days 4, 6 of pregnancy; PD4, PD6 means Days 4, 6 of pseudo-pregnancy. (B) Immunohistochemistry of the TCTP protein in the uterus. A strong staining was seen in the luminal epithelium, glandular epithelium and stromal cells in the uterus injected with DD water or S-ODNs, respectively; in the contralateral horn treated with A-ODNs, the TCTP protein expression decreased, especially in stromal cells. S-ODNs, sense oligodeoxynucleotides; A-ODNs, antisense oligodeoxynucleotides. DD water, double distilled water; CON, negative control. Bar ¼ 50 mm. (C) Western blot analysis of the TCTP protein in the uterus. The expression of the TCTP protein was similar to the TCTP mRNA levels. S-ODNs, sense oligodeoxynucleotides; A-ODNs, antisense oligodeoxynucleotides. (D) The average number (+SD) of implanted embryos in the uterine horns of the treatment-and control groups. The TCTP antisense oligodeoxynucleotide administration significantly reduced the number of implanted embryos (*P , 0.05). The numbers of implanted embryos in the uterine horns receiving sense TCTP oligodeoxynucleotide and DD water treatment were not significantly different (P . 0.05). (E) Two representative uteri from two mice of separate treatment groups, respectively. a: A representative uterus from the treatment group (n ¼ 10): the left horn, injected with the TCTP antisense oligodeoxynucleotide; the right horn, injected with the TCTP sense oligodeoxynucleotide. The number of implanted embryos in the left uterus was obviously less than that of the right. b: A representative uterus from the control group (n ¼ 10) injected with DD water in both sides of the uterus; no effect on implanted embryo was seen.
the mechanism by which TCTP fulfills its function during this period remains to be discovered.
Successful embryo implantation needs a crosstalk between the embryos and the uteri. The time from D1 to D5 of pregnancy is a critical for the embryo implantation in mice, and D4 to D5 of pregnancy is regarded as the implantation window (Khorram, 2002; Dey et al., 2004; Hess et al., 2007) . During this period, blastocysts attach and adhere to, and invade the endometrium (Lunghi et al., 2007) . The invasion of trophoblasts is similar to the invasion of tumor cells. TCTP has been demonstrated to be relative to the growth of tumors. It was reported that TCTP is highly expressed in the human prostate carcinoma cell lines compared with normal prostate epithelial cells. Gene silencing of TCTP by siRNA inhibited the cell growth and induced apoptosis (Gnanasekar et al., 2009b) . Ma et al. (2010) also proved that the knockdown of TCTP by shRNA could inhibit proliferation, migration and invasion of colon adenocarcinoma cells both in vitro and in vivo. Chung et al. (2000) found that mRNA and the protein levels of TCTP were higher in the colorectal cancers (CRC), compared with the corresponding normal tissue. On the basis of recent prognostic studies, TCTP has been identified as a new potential predictive marker for better understanding of the CRC progression involved in metastasis (Slaby et al., 2008) . According to these reports, we inferred that TCTP might participate in the invading process of trophoblast into endometrium, or that it is an important factor regulating the invasion process.
The TCTP levels are highly regulated in response to a wide range of extracellular signals and cellular conditions. Typically, growth signals (Bommer et al., 2002) and cytokines (Teshima et al., 1998) have been reported to rapidly induce the TCTP synthesis. During the implantation period, the trophoblast releases paracrine signals, which modulate decidual stromal cell gene expression (Hess et al., 2007) . In our study, the mRNA and the protein levels of TCTP increased during the implantation window, and we presumed that the embryo might stimulate the expression of TCTP. In addition, the TCTP expression was lower in the pseudo-pregnant uteri than in the pregnant uteri on D4 and D6, which confirmed that the presence of an embryo in the uterus may be a stimulus for the expression of TCTP.
During the invasive phase, the endometrium is changed to decidua. This process consists of modifying endometrial stromal cells, uterine glands and vessels. The endometrium undergoes great changes, such as vascular expansion and stromal cell proliferation, to become receptive for blastocyst growth, attachment and the subsequent implantation events (Tabibzadeh et al., 1999) . Our results showed that the TCTP protein was mainly located in the luminal and glandular epithelium and in stromal cells of the uterus, and gradually increased during D3-D5 of pregnancy and reached maximum levels at the time of the 'implantation window'. These results indicate that TCTP might be involved in the proliferation of decidual cells. In most epithelial cells, TCTP was expressed in the cytoplasm. However, in Figure 3 Continued. the stromal cells on D5, TCTP was widely expressed in the cytoplasm and in the nucleus. We presume that this change was associated with the TCTP growth-promoting function. The TCTP induction has been correlated with the mitogenic activity of non-neoplastic and cancer cell lines, suggesting an involvement of this protein in proliferation-related processes. Arcuri et al. reported that during interphase, TCTP was mainly localized in the cytoplasm, although a weak immunoreactivity was visible in the cell nucleus. At prometaphase and metaphase, the anti-TCTP antibody was detected at the spindle pole and in correspondence of the interpolar microtubules. During anaphase, the association of TCTP with microtubules was still evident in the spindle poles and the interpolar microtubules (Arcuri et al., 2004) . Recently, Johansson et al. (2010b) observed the interaction of TCTP with phosphorylated nucleolin or nucleophosmin/nucleoplasmin family member 1 during mitosis in the embryonic stem cells, signifying a role in cell proliferation. According to these studies, we assumed that the increasing expression of TCTP in the nucleus of the stromal cell on D5 was relevant to the proliferation of stromal cells. Hsu et al. (2007) found that TCTP was implied to be a regulatory factor of the TOR (target of rapamycin) Ser/Thr kinase, which regulates cell growth in response to external (e.g. hormonal) and internal stimuli. Our previous study showed high levels of mTOR in mouse endometria during the 'implantation window' (Chen et al., 2009) , which was coincidental with the expression pattern of TCTP in this study. We supposed that the up-regulated TCTP might evoke stromal cell proliferation by increasing the mTOR expression.
In summary, we report a spatial-temporal expression pattern of TCTP in mouse endometria during early pregnancy. The high levels of TCTP in mouse endometria during the 'implantation window' suggest that TCTP might play a significant role in the process of blastocyst implantation by facilitating embryo adhesion and promoting decidual cell proliferation. Regardless of the mechanism involved, the data presented herein certify an important contribution of TCTP in the blastocyst implantation. Further investigation will be needed to interpret the detailed mechanisms by which TCTP fulfills its function in implantation.
